Fructose can be taken up by Escherichia coli via a variety of membrane-spanning proteins that recognize sugars with the 3,4,5-D-arabino-hexose configuration. Here, we describe a mutant that is devoid of those proteins but takes up fructose via the FucP carrier normally used for the transport of ␣-L-fucose; this implies that the fructose is taken up in the ␣-or ␤-fructopyranose form. For growth, the assimilated fructose is sequentially phosphorylated by ATP and (i) manno(fructo)kinase, to form fructose 6-phosphate, and (ii) phosphofructokinase, to form fructose 1,6-bisphosphate, which is a member of central routes of glycolysis and gluconeogenesis. The mutation that confers on the organism the ability to take up fructose via the fucose regulon was located as a deletion of the fucA gene with consequent induction of the proton-linked fucose transporter, FucP.
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fructose metabolism ͉ fructose uptake W e have previously (1) described the properties of a mutant of Escherichia coli designated HK 2148 that is able to grow on fructose as a sole source of carbon despite inactivation of all known routes involving the phosphoenolpyruvate/glycose phosphotranferase (PT) system for the uptake and utilization of this ketose (2) . The entry of fructose into this strain is achieved by its facilitated diffusion through an isoform of the normally PT-linked glucose transporter, PtsG, which therefore requires that relatively high concentrations of fructose be provided in the medium (K m for growth ϭ Ϸ8 mM). As would be expected from this mode of fructose uptake, growth on this substrate is powerfully inhibited by analogs of glucose, such as methyl-␣-D-glucoside (␣MG). However, cultures of HK 2148 exposed for several days at 37 o to 20 mM fructose plus 1 mM ␣MG gave rise to further mutants, some of which were not only impervious to the presence of ␣MG when growing on fructose but grew on this ketose at concentrations much lower (K m for growth Ͻ 1 mM) than those observed with the parent HK 2148.
In the present article, we report the properties of one such mutant, designated HK 2298, and its derivatives, which provide evidence for the operation of a pathway for the uptake and utilization of fructose that has not been previously described.
Results
Uptake of [ 14 C]Fructose by HK 2298. Whereas suspensions of LBgrown HK 2298 readily took up and incorporated 14 C from [ 14 C]fructose at concentrations as low as 0.1 mM, similar suspensions of HK 2148 did so to only a negligible extent (data not shown). Neither PtsG nor the proteins specified by the PTrelated fructose operon were involved in this uptake: A derivative of HK 2298 that also carried ptsG::kanR (strain HK 2385) grew on fructose and took up this ketose at rates indistinguishable from HK 2298, as did other derivatives of HK 2298 carrying either fruA::kanR (strain HK 2578) or a deletion covering the promoter region of the fructose operon as well as fruB and fruK (strain HK 2544).
Location of the Gene Responsible for Fructose Uptake. To avoid possible errors due to introduction of the PT-linked fructose operon, a number of Hfr strains of E. coli transferring DNA from different points of origin and in different directions and carrying the Tn10 transposon at known sites (3) were crossed with strain HK 2578, a derivative of HK 2298 in which FruA activity had been deleted by the introduction of fruA::kanR; all exconjugants were tested for retention of the kanR marker. These tetracycline-resistant colonies were screened for loss of their ability to grow on 2.5 mM fructose. We found that the Hfr strain BW6169, which carries argA::Tn10 located at minute 63.5 on the E. coli linkage map (4) and transfers its DNA counterclockwise from approximately minute 84.8, gave rise to tetracycline-resistant colonies, of which 40% failed to grow on fructose and which also took up 0.5 mM [ 14 C]fructose at only a negligible rate. This result placed the presumptive fructose uptake system at a site close to argA. This location (5) was more precisely defined by transduction of HK 2578 with phage carrying fucP::Tn10, a deletion of the gene specifying the proton-linked transport of fucose, which is sited at min 63.2. None of the 116 transductants obtained grew upon, or took up, fructose.
The identity of the fructose uptake system with a component of the fucose regulon (6) was investigated with two argA::Tn10 transductants from the cross [P1 phage grown on BW6169 ϫ HK 2578], one (HK 2621) having retained the ability to grow upon fructose and the other (HK 2622) being among the 40% that had lost it. We observed that the uptake of 0.5 mM [ 14 C]fructose by LB-grown HK 2621 was powerfully inhibited by 0.1 mM-␣-L-(Ϫ)-fucose but not by D-(ϩ)-fucose (Fig. 1A) . HK 2622 took up the labeled fructose at Ͻ20% of the rate observed with HK 2621, which was virtually unaffected by the presence of L-(Ϫ)-fucose (Fig. 1B) .
Furthermore, suspensions of LB-grown HK 2621 took up ␣-L-[
3 H]fucose to a significant extent, whereas similar suspensions of HK 2622 did not (Fig. 2) .
This uptake by HK 2621 (and by its parent, HK 2578) occurred rapidly during only the first few minutes of exposure to the isotope and thereafter increased to only a minor extent, which indicated that the fucose taken up was not further metabolized. In agreement with this interpretation, we observed that neither strain, HK 2578 nor HK 2621, grew on ␣-L-fucose, whereas their fructose-negative parents HK 2148 and HK 2632 did. Furthermore, addition of 1 mM-␣-L-fucose to cultures of HK 2578 growing on 1-10 mM fructose greatly impeded growth, with kinetics indicating competitive inhibition (Fig. 3) ; whereas addition of ␣-L-fucose to cultures of HK 2632 growing on 5-20 mM fructose had no such effect (data not shown).
These observations suggested that the ability to take up and grow upon fructose via the fucose regulon was associated with a mutation in some member of that regulon. This was con-firmed by comparison of the DNA sequences of its component genes fucP, fucK, and fucA, present in the fructose-positive (Fuc-F ϩ ) strains HK 2578 and HK 2621 and their fructosenegative counterparts HK 2148 and HK 2622. We found that the DNA sequences of fucP and fucK were identical and corresponded exactly to the sequences published for these genes (7) but that the fucA region of HK 2148 and HK 2622 differed markedly from that present in HK 2578 and HK 2621. The DNA sequence of the fucA in strains HK 2148 and 2622 again corresponded to the published sequence but the PCR product of this region in HK 2578 and HK 2621 was clearly smaller (Fig. 4) ; moreover, the primers that had yielded excellent PCR products and reproducible DNA sequences in Fuc-F Ϫ strains failed to do so in all strains manifesting the Fuc-F ϩ phenotype.
Metabolism of Fructose Taken Up.
If fructose is taken up via a derepressed fucose carrier, it would enter the cells chemically unmodified and would be expected to undergo phosphorylation to fructose 6-phosphate in the presence of ATP and manno-(fructo)kinase (Mak) (1); the fructose 6-phosphate thus formed would then be further phosphorylated by ATP in the presence of phosphofructokinase (PfkA). Two strategies were used to test this hypothesis. In the first, the genes specifying Mak ϩ and PfkA ϩ in HK 2298 were selectively replaced by their negative counterparts. Thus, HK 2298 was infected with phage P1 grown on strain HK 2198, which carries mak-o cotransducible with argJ::Tn10 (8); Ͼ70% of the tetracycline-resistant transductants did not grow on fructose. A similar abolition of the ability to grow on fructose was observed when HK 2298 (which carries argHBCE, located at min 89.5) was infected with P1 phage grown on a strain that was ArgHBCE ϩ and also carried pfkA (located at min 88.5). Transductants were selected on plates containing glycerol as carbon source but not containing arginine; all those that no longer grew on glucose and were therefore PfkA Ϫ also failed to grow on fructose.
A second strategy to test the postulated route for fructose utilization consisted of sequential introduction of the genes for Mak ϩ and the fucose-linked fructose transport system Fuc-F ϩ into a recipient strain devoid of both of them. HK 2140 has these properties (1). In one approach, it was crossed with phage grown on the Fuc-F ϩ -strain HK 2621 that also carried argA::Tn10: None of the tetracycline-resistant transductants grew on 2.5 mM fructose. Because it was not feasible to determine which of the many transduced colonies had received the gene specifying Fuc-F ϩ , a number were pooled and infected with phage grown on the Mak ϩ strain HK 2193 that also carried argJ::kanR cotransducible with mak. Approximately 40% of the kanamycin-resistant transductants grew on fructose.
In the reverse sequence, phage grown on the Mak ϩ kanR strain 2193 were crossed with HK 2140: Again, none of the kanamycin-resistant transductants grew on 2.5 mM-fructose, but when a colony that grew on 20 mM-fructose (and had therefore acquired Mak ϩ ) was infected with phage grown on the Fuc-F ϩ argA::Tn10 strain HK 2621, Ϸ40% of the tetracycline-resistant transductants grew on 2.5 mM fructose.
Discussion
We have previously summarized the evidence that fructose can enter E. coli via a number of membrane-spanning proteins, all of which recognize the 3,4,5-D-arabino-hexose configuration of Dfructose, D-glucose, D-mannose, D-mannitol, and D-glucitol (2) . It was thus unexpected that in a mutant devoid of all these carriers, a further mutation in the fucose regulon could efficiently effect the uptake of fructose. However, although the ␣-L-fucose that has been shown in the present work to compete with the entry of fructose does not have the 3,4,5-D-arabino-hexose configuration, it is strikingly similar to the pyranose form of ␣-or ␤-D-fructose (Scheme 1).
It has also been established (9) that in an aqueous solution, 57% of fructose is in the ␤-D-pyranose form. It is therefore likely that it is this form that enters the cells via the FucA component of the fucose regulon and that the relevant mutation of HK 2148 that gave rise to HK 2298 had led to the derepression of the fucP ϩ gene. This would be consistent with the view (6) that the genes of the fucose system operate as a regulon containing at least three operons, of which fucP and fucA form separate parts, and that the substrate on which FucA acts, fuculose 1-phosphate, is known to induce the fucose transporter: Deletion of fucA ϩ would cause fuculose 1-phosphate to accumulate. This would also be analogous to the observations that growth on fructose via the proteins that specify the uptake of mannose, glucitol, and mannitol is effected by derepression of the corresponding genes (2).
Our present demonstration that both Mak ϩ and PfkA ϩ are required for the growth of HK 2298 and its derivatives supports the conclusion that the fructose taken up by the Fuc-F ϩ system subsequently follows the path
